Foil bearing provides compliant support and moderate Coulomb friction for rotor-bearing system, which is conducive to stability and reliability of high speed rotating machinery. In this paper, both hydrodynamic lubricated foil journal and foil thrust bearings are applied in a 150 m 3 ⋅h −1 turboexpander for air separation. In the bearings, protuberant foil is chosen as the supporting subfoil due to its merits of easy fabrication and assembly. Static loading and deflection of the bearings are tested, respectively, before integration into the turboexpander. Afterwards, the loading and deflection curves of the journal and thrust bearings are polynomial fitted using least-square method. Then, performance tests are carried out on the rotor-bearing system, including transient speed-up, high speed, and speed-down processes. In the tests, the turboexpander supported by the hydrodynamic foil bearings operates smoothly with repeatability. Maximal rotor speed of the turboexpander reaches 52000 rpm with hydrodynamic lubricated protuberant foil bearings.
Introduction
Turboexpander is an indispensable component in energy conversion system. Higher speed is anticipated for the turboexpander in pursuit of high efficiency [1] . Its smooth operation depends, to a large extent, on the stability of the rotor-bearing system. In high speed or oil-free occasions, conventional oil lubrication is constrained due to its high viscosity and contamination issues [2] . Gas foil bearing, as an alternative, is a kind of gas bearing using pieces of metal foil as support. It is outperformed for high speed [3] , higher reliability [4] , soft failure [5] , and extreme temperature adaptability [6, 7] , as well as high levels of misalignment tolerance [8] . Additionally, aerodynamic lubrication using process gas in high speed operation is in favor of system conciseness and compactness.
For the foil bearing, multikinds of underlying supporting configurations have been developed since its first debut [9] . Among them, bump type foil bearing attracted considerable attention [10] . Besides, metal mesh [11] and viscoelastic [12, 13] configurations and so on have been presented. Foil bearing reduces the peak vibration amplitude notably when the rotor crosses the critical speed [14, 15] . Schiffmann and Spakovszky optimized the selective shimming in foil bearing and proposed a design guideline [4] . Pham and Ahn combined foil bearing and magnetic bearing to support a flexible rotor with vibration reduction of 26% [16] .
In foil bearing, compliant surface and nonlinear friction are introduced due to the configuration of stacking foils. With the same load distribution, various foil deflections might be present that is ascribed to the hysteretic behavior of the friction force [17] . Subfoil stiffness of the elastic support affects the bearing load capacity [18] . The ultimate load of the bearing could not exceed that of underlying elastic structure [3] .
For decades of development, foil bearing was applied in many high speed rotating machineries [19] . Lee et al. applied foil thrust bearing in automotive turbochargers with 24 mm diameter shaft at speed of 123000 rpm (round per minute) [20] . Dykas et al. adopted foil thrust bearing in micro turbomachinery with inner diameter of 50.8 mm and outer diameter of 101.6 mm with load capacity of 125 N 2 International Journal of Rotating Machinery around 23000 rpm [21] . Kim et al. evaluated the foil bearing performance in a 120 kW gas turbine generator with rated speed of 15800 rpm and generator weight of 84.2 N and turbine weight of 175.0 N [22] . Kim et al. applied foil thrust bearing and journal bearing in a 66 mm diameter 75 kW turbo blower with rotor speed of 30000 rpm, and subsynchronous rotor lateral motions appeared [23] . Kim et al. designed the mesoscale foil gas bearing for palm-sized turbomachinery with inner diameter of 5 mm and designed speed of 60000 rpm [24] .
Comparing to existing hydrostatic bearing technology in cryogenic turboexpander, its configuration can be simplified to a large extent using hydrodynamic lubricated foil bearing. Two kinds of journal bearings, copper wire support and viscoelastic support, were compared for small cryogenic turboexpander of 12 mm diameter around 220000 rpm [6] . Recently, bump foil journal bearings was applied in the above turboexpander that could operate smoothly in a wide speed range [25] . Numerical results indicated that the journal bearing was stable in high speed range [26] . Subsynchronous vibrations were suppressed quite well [27, 28] . Static structure stiffness and load capacities of the thrust bearing were tested in transient start-up and speed-down processes [29, 30] . Dedicated tests on protuberant foil journal bearing or thrust bearing were conducted, respectively. However, hydrodynamic lubrication using both protuberant foil journal and thrust bearings (integrated aerodynamic foil bearing supporting technology) in the turboexpander has not been tested yet. In this paper, both protuberant foil journal bearing and foil thrust bearing are applied in a turboexpander with shaft diameter of 25 mm for air separation. In the bearings, protuberant foil is chosen as the supporting subfoils due to its merits of easy fabrication and assembly. Experimental tests are carried out to analyze the transient performance of the integrated aerodynamic foil bearing supporting technology. In addition, static loading and unloading of the foil journal bearing and thrust bearing are tested.
High Speed Turboexpander
The retrofitted turboexpander in this paper, as shown in Figure 1 , is an existing commercial module with liquid nitrogen production of 30 L⋅h −1 . The turbine type expansion wheel converts high pressure gas into low pressure and low temperature states. Braking wheel is used to dissipate the power retrieved from the coaxial expansion wheel.
Rotor-bearing system of the turboexpander is shown in Figure 2 . The rotor is horizontal layout and its weight is supported by two journal bearings. The net axial load from expansion wheel and braking wheel is balanced by two thrust bearings. Some geometrical parameters of the turboexpander are listed in Table 1 . The former bearing supporting technology of the turboexpander is based on aerostatic journal and thrust bearing. The rated operating speed of the turboexpander is 100000 rpm.
Test Rig
In order to validate the applicability of integrated aerodynamic foil bearing supporting technology in this turboexpander, the test rig of high speed turboexpander is retrofitted based on the rig in reference [31] . The flow chart of gas driven test rig is shown in Figure 3 . Compared to the aerostatic bearing supported turboexpander, there is no extra dedicated gas circuit for aerostatic bearings. Therefore, the system is simplified for lighter weight and compactness. High pressure air is supplied by a 75 kW screw compressor with maximal pressure of 1.0 MPa and maximal flow rate of 600 Nm 3 ⋅h −1 . Gas reservoir is implemented to stabilize the undulating pressurized gas from the compressor. Supply gas pressure and flow rate at the expansion wheel are regulated by proportional electric valve. The exhaust gas is vent to the ambient after expansion. Three eddy current displacement transducers (with linearity of <±2% and static resolution of 0.1 m) in , , and directions are installed to evaluate the vibrations of the high speed rotor. Sampling frequency of the displacement transducer is 100 kHz. The vibration data are collected by data acquisition system. Supply pressure is measured by pressure transducer (with resolution of 1000 Pa and FS ±1%).
The real picture of the test rig is shown in Figure 4 
Bearing Configurations
In pursuit of stability and compactness of turboexpander, aerodynamic foil bearing is a preferred choice. By virtue of the transient performances of the protuberant foil journal and thrust bearings [27] [28] [29] [30] , they are considered to be alternative candidates for the rotor-bearing system. In this paper, both the aerostatic journal and thrust bearings are replaced by protuberant foil bearings based on the previous configuration of the rotor-bearing system.
The schematic diagram and real picture of the protuberant foil journal bearing are shown in Figures 5(a) and 5(b), respectively. There are two protuberant foil layers and one top flat foil that stacked one layer over another in the bearing housing. The foils are fixed into the housing at one end by fixing pin. The detailed geometrical parameters and stacking layout of the foils could be found in Table 2 .
Before application of the journal bearing and thrust bearing, deflection of the journal bearing and thrust bearing under static load are performed on respective dedicated bearing test rigs. Static load and deflection of the journal bearing is shown in Figure 6 . In mild load range from −25 N to +25 N, the load and displacement exhibits linear relationship. Nonlinear characteristics appears in higher load range from +30 N to +25 N and from −30 N to −25 N. The displacement is about 30 m at the maximal load of ±30 N. Under the same load, the absolute static deflection is higher in unloading process than that in loading process. For example, the displacement is about 10 m when the static load is 0 N in the loading process. With the same load in unloading process, the displacement is about −20 m, which is larger than that in loading process. This can be attributed to the hysteresis effect from Coulomb friction in loading and unloading processes. The area enclosed in hysteresis loop can be used to calculate the dissipated energy in one loading test cycle. Fourth-order polynomial was used to fit the loading curves based on weighted least-square method. The polynomial expressions for the loading and unloading processes for beryllium bronze bearing are shown in (1) and (2), respectively. The standard errors of the polynomials are listed in Table 3 . The coefficients of displacement are 0.67 N⋅ m −1 in the loading process, which is higher than that in the unloading process of 0.55 N⋅ m −1 from loading = −10.2 + 0.67 + 0.0028 2 + 0.00029 According to the existing configuration of shaft and journal bearing, two thrust bearings are implemented to balance the axial forces from the wheels. In the foil thrust bearing, as is shown in Figure 7 , six-pad configuration is adopted due to its preferable loading performance [32] . The configuration of the foil stacking is similar to the journal bearing above; detailed parameters of the thrust bearing can be found in Table 4 . Protuberant projections of diameter of 0.5 mm on the foils are punched from flat foil. The stacking layout of upper protuberant foil and bottom protuberant foil is staggered in circumferential direction according to the locations of the supporting projections. The foils are fixed by screw bolt from the back of thrust bearing. The deflection of the thrust bearing with static load is shown in Figure 8 . Detailed testing method can refer to [33] . Unlike the protuberant foil journal bearing, the hysteresis loop of the deflection of the thrust bearing is smaller. Structural stiffness of six-pad multilayer protuberant foil thrust bearing is not constant and load dependent. The polynomial expressions for the loading and unloading processes for beryllium bronze bearing are shown in (3) and (4), respectively. The standard errors of the polynomials are listed in Table 5 . 
Testing Procedures
The testing process is shown in Figure 9 . After checking the preparation for ready to start up, open up the electrical valve of supply gas at the expansion wheel gradually. The gas pressure increment should be small until the rotor started to rotate. Maintain the supply pressure to be constant when the rotor is in acceleration. Afterwards, increase the gas supply pressure further until the rotor speed is around 50000 rpm. After smooth operating for a period of time, close down the supply gas gradually to reduce the rotor speed. When the rotor stops operating, close the supplying gas valve. More than three times of start-up and speed-down processes are conducted to ensure the repeatability of collected data.
Test Results and Analysis
For this integrated bearing layout, there exist friction torques from the journal bearing and the thrust bearing, especially during the start-up process. When the preload on the thrust bearing is larger than a certain value, the torque at expansion wheel could not overcome the start-up friction torque [34] . Furthermore, during start-up and speed-down transient processes, friction torque of the foil thrust bearing increases linearly with rotor speed and bearing load. Therefore, the conventional start-up method of rotor by increasing the supply pressure does not fit for the integrated foil bearing supporting technology. In order to reduce the friction torque at the start-up stage, the nominal journal bearing clearance is increased to 100 m. Transient processes such as start-up, high speed, and speed-down of the rotor supported by integrated foil journal bearing and thrust bearing are tested after assembly of the turboexpander. In the transient processes, axial displacement is an important indicator of axial movement of the rotor due to net axial force from expansion wheel and braking wheel. Rotor speed and axial displacement of the rotor with supply pressure in the whole speed-up and speed-down processes are shown in Figure 10 . At the beginning 8 s, there is no supply pressure. From 8 s to 18 s in region I, in which the supply pressure increases to around 0.13 MPa, there is no rotation yet due to the static friction between the rotor and foil surfaces. Because of the pressure difference between the front and back of expansion wheel, the rotor moves in the direction of expansion wheel with displacement around 180 m before rotation. In region II, when the supply pressure exceeds 0.13 MPa, the rotor begins to rotate. The supply pressure is maintained at this value when the rotor is in accelerating process. In this region, the aerodynamic lubrication comes into effect due to the relative speed between the rotor and bearing surface. The hydrodynamic lubrication force pushes the rotor towards the braking wheel. Therefore, the thrust bearing clearance increases during this speed-up process. In region III, the International Journal of Rotating Machinery supply pressure increases further with expectation of higher rotor speed. The axial force from the wheels increases and the rotor moves axially in the direction of expansion wheel again. The axial displacement increases to 230 m when higher supplying pressure is supplied continuously. The rotor speed reaches 52805 rpm with supply pressure of 0.3 MPa. Afterwards, the rotor speed is reduced gradually in region IV. In the speed-down process, the axial displacement of the rotor decreases correspondingly. It should be noted that there is minus axial displacement at the end of speed-down process. Furthermore, there are still minus axial displacements after the rotor stops running in region V. Recovery time of axial displacement is needed after one speed-up and coast-down process, which can be attributed to the hysteresis effect of the foils in the whole operating region. During the transient processes, the displacement is positive in most of the regions. That is to say, most of the axial force is balanced by the thrust bearing near expansion wheel. During the transient operation, high speed rotor vibrates around its transient equilibrium position. The journal centerline during the above transient processes is shown in Figure 11 . The rotor rotates in counterclockwise direction in the bearing. The circumferential angle initiates from upright direction of the bearing. Journal center location reflects its eccentricity and attitude angle ( -270 ∘ ). The journal center in speed-up process is marked by red hollow rectangles and speed-down process is marked by blue hollow circles. The initial static resting position of the rotor is assumed to be (100, 270 ∘ ) in above polar coordinates. At lower speed before liftoff from the foil bearing, the rotor lifts up about 6 m towards the bearing center and 9 ∘ in counterclockwise direction. At the speed around 9600 rpm, the journal center drifts about 5 m towards the bearing center and 10 ∘ in counterclockwise direction that is marked as the lift-off speed of the bearing during the built-up of the aerodynamic film. The eccentricity and attitude angle of the rotor are 91 m and 19 ∘ , respectively. The lift-off speed is around 9600 rpm. After lift-off from the bearing, the rotor centerline moves smoothly from 9600 rpm to 30000 rpm. At around 45000 rpm, another unexpectedly rotor drift is observed. The eccentricity increases from 81 m to around 89 m and attitude angle undulates about 10
∘ . This might be attributed to force and pressure undulation in the high speed rotating machinery [35] [36] [37] [38] [39] . Then the rotor drifts up 15 m with increase of rotor speed. After the rotor reaches maximal speed of 52800 rpm, the speed-up process is terminated in avoidance of instability or bearing failure. Then, speed-down process commences. In the speed-down process, the rotor slides down in the bearing almost continuously from (77, 306 ∘ ) to (110, 282 ∘ ). Then the rotor touches down on the foil bearing at about 6100 rpm. Generally, the rotor location in the speed-down process is lower comparing to those in the speed-up process at the same rotor speed. For example, at the same rotor speed of 30000 rpm, the rotor centerline is at (90, 290 ∘ ) in speed-up process and is at (100, 290 ∘ ) in speed-down process. When the rotor speed is smaller than 30000 rpm, it should also be noted that the eccentricity exceeds the nominal bearing clearance of 100 m in the speed-down process. Indeed, the foil bearing could provide over-nominal bearing clearance with compliant surface. The landing speed of the rotor on the foil bearing is around 6000 rpm, which is smaller than that of lift-off speed of 9600 rpm. This can be attributed to the friction effect between the foils during the speed-up and speed-down processes [31] . The resting location of the rotor after coast-down is (103, 272 ∘ ). Similar to the thrust bearing above, this might also be attributed to the static friction and hysteresis effect of the foils in the above speed-up and speed-down processes.
In this test, the rotor vibrations in , , and directions are transformed into frequency domain by FFT. The FFT spectrum cascade plots of the vibrations are shown in Figures  12(a), 12(b), and 12(c) , respectively. The main frequencies (1N) of the rotor are obvious comparing to other components. In all three directions, there are nonsynchronous vibrations around 100 Hz. In radial directions and , the nonsynchronous vibration amplitudes are larger comparing to the cascade plot of the rotor supported with foil journal bearing and aerostatic thrust bearing in reference [31] . When the rotor speed is larger than 50000 rpm, the nonsynchronous vibration amplitude increases and exhibits speed dependency. These could be attributed to the introduction of six-pad protuberant foil thrust bearing and loose journal bearing preload. In higher speed range 4000 rpm∼5000 rpm, the vibration amplitude in direction is about 3 m that is higher than that of <2 m in direction, which can be attributed to higher attitude angle. In axial direction, the vibration amplitude of main frequency (1N) is around 2 m. In smaller speed range, the vibration amplitude at low frequencies (20∼30 Hz) is obvious larger. It reaches 30 m around 30 Hz at the initial start-up stage. This might be attributed to configuration and assembly of the foil thrust bearing. With increase of supply gas pressure and the aerodynamic effect from braking wheel, the vibrations at low frequencies (20∼30 Hz) are suppressed at higher rotor speed.
In order to get a clearer view of the transient processes, vibration amplitudes at main frequencies (1N) are extracted from the FFT cascade plot. The vibration amplitude at main frequencies in , , and directions are shown in Figures  13(a) , 13(b), and 13(c), respectively. When the rotor speed is lower than 10000 rpm before lift-off, there are critical speeds around 3700 rpm and 7200 rpm. For these lower order critical speeds, there is not much difference between the speed-up and speed-down processes. These two lower order critical speeds appear in all three directions. However, there are obvious differences in higher order critical speeds. For instance, the third critical speed is around 12000 rpm in the speed-up process and 17000 rpm in the speed-down process. The forth critical speed is around 21000 rpm in the speedup process and 25000 rpm in the speed-down process. In operating speed range from 10000 rpm to 30000 rpm after lift-off, as shown in Figure 11 , the eccentricity in speed-up process is smaller than nominal clearance of 100 m and larger than the nominal clearance in speed-down process. The critical speeds of the rotor-bearing system are correlated to the supporting stiffness from bearing. With the rotor weight kept unchanged, the fluid film stiffness varies very little. Therefore, most of the supporting stiffness originates from foil supporting stiffness. In air lubrication regime, the stiffness of the foil bearing support in speed-down process is higher than that in speed-up process. These could also be attributed to the impeding effect of friction between the foils in speed-up process and speed-down process. Corresponding to the 1N main frequency vibration, there are 2N harmonic component vibrations with similar pattern. The vibration amplitude with 2 times the working frequency is relative smaller relative to the main frequency. There are many reasons for the 2N vibrations, such as misalignment of the rotor, asymmetric stiffness of the rotor, bearing nonlinearity, aerodynamic forces [40] . In this rotor-bearing system, misalignment and bearing nonlinearity in the journal and thrust bearings are inevitable. The rotor locus in a time interval of 0.1 s around 30000 rpm, 40000 rpm, and 50000 rpm is shown in Figures  14(a), 14(b) , and 14(c), respectively. The trajectory of the rotor is almost of circular shape and vibration amplitude is small being within 4 m from the frequency and vibration amplitude relation. There are three vertices on the trajectory which might be attributed to the asymmetry of the foil journal bearing from leading edge to trailing edge.
The repeatability of the rotor trajectory is quite well. With increase of rotor speed, the amplitude of nonsynchronous vibration around 100 Hz increases and cluttered trajectory appears at around 50000 rpm. With increase of rotor speed, its amplitude increases from less than 0.5 m to around 1 m. Similar to the tested results in [31] , the rotor locus also becomes cluttered around 90 krpm when the bearing clearance is larger than 80 m with protuberant foil thickness of 0.07 mm. In this paper, the nonsynchronous vibrations are more obvious, which could be attributed to the larger nominal bearing clearance. Preload of foil journal bearing suppresses the onset of nonsynchronous vibrations due to the direct stiffening and damping effects [38] . Therefore, higher damping foil bearing might be promising solutions to the nonsynchronous whirling motion. Thus, more sophisticated foil bearing designs are anticipated to reduce both vibration amplitudes comprehensively in future application.
In rotor-bearing system, higher vibration amplitudes (radial and axial directions) might lead to catastrophic collision in the rotor-bearing system. In this study, there is no bearing failure in the whole start-up and speed-down processes with maximal operating speed up to 52000 rpm. This indicates that the compliant supporting from the protuberant foil journal and thrust bearing performed quite well in this transient process, which can be attributed to the inherited characteristics of stiffness and damping of the foils. Foil bearing with lighter compliant surface is eminent in prevention of failure. In addition, the compliant structure could dissipate a certain amount of vibration through damping, which prevents the vibration energy accumulation on the rotor. For the thrust bearing, larger subsynchronous rotor lateral motions could be suppressed by increasing the bearing load [23] . In this experiment, higher speed could not be reached under higher supply pressure and unbalance force on the rotor and so on. Optionally, thrust bearing with newer configurations is recommended for the next step rotorbearing performance improvement.
Conclusion and Discussion
In this paper, foil bearing supporting technology using both protuberant foil journal and thrust bearings is developed for the turboexpander. For further simplification of the turboexpander, the dedicated aerostatic supply gas circuit is canceled out for process compactness and simplification. Experimental investigations are carried out on the rotorbearing system and the following conclusions might be drawn.
(1) Nonlinear stiffness of the protuberant foil journal bearing and thrust bearing appears due to friction effect from the foils. Integrated protuberant foil journal bearing and thrust bearing is applied in turboexpander with maximal operating speed around 52000 rpm. Due to compliance of the foils in the bearing, the rotor supported by protuberant foil journal bearings could operate under over-nominal bearing clearances. (2) Bearing stiffness can be reflected by the critical speeds of the rotor-bearing system. During the transient speed-up and speed-down processes, the stiffness of the compliant foil journal bearing is almost the same in lower speed range. However, in higher speed range after lift-off, the supporting stiffness is higher in the speed-down process due to the stiffening effect from the friction between the foils. (3) Axial force on the rotor originates mainly from expansion wheel in the transient speed-up and speeddown processes. Before lift-off of the rotor from the bearing, pressure at the back of expansion wheel results in the displacement of the rotor in the direction from braking wheel to expansion wheel. For further retrofitting, aerodynamic matching of the two wheels is recommended to further balancing the axial load. Alternatively, thrust bearing with newer configurations is anticipated to withstand higher axial load from the rotor.
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